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differences	 in	 foliar	metabolomes.	Herbivory	effects	were	 further	 investigated	by	
comparing	 metabolomes	 from	 damaged	 and	 undamaged	 leaves	 from	 each	 plant.	
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1  | INTRODUC TION
Plants	produce	a	multitude	of	specialized	metabolites	that	contrib-
ute	 to	 their	 fitness	 and	 survival,	 and	 play	 a	 role	 in	 their	 ability	 to	














Tarczynski,	 Jensen,	 &	 Bohnert,	 1993;	 Riedelsheimer	 et	al.,	 2012).	
However,	 the	 importance	 of	 natural	 variation	 in	 the	 environment	
in	 explaining	metabolite	 variation	within	 plant	 species	 remains	 lit-
tle	 understood	 (Maldonado	 et	al.,	 2017;	Moore,	Andrew,	Külheim,	
&	Foley,	2014).
Out	of	 the	circa	250	species	 that	comprise	 the	genus	Plantago 
(Rahn,	1996;	Rønsted,	Chase,	Albach,	&	Bello,	2002),	the	specialized	
chemistry	 of	 two	 species,	 Plantago lanceolata	 L.	 and	 P. major,	 has	
been	 the	 focus	of	 a	 vast	 body	of	 chemical	 ecology	 research.	Due	
to	these	species’	widespread	and	nearly	global	distributions	 in	na-
ture,	 their	 medicinal	 value	 (Samuelsen,	 2000),	 and	 because	 both	






fluence	 the	 types	 or	 concentrations	 of	 specialized	 metabolites	
produced	 by	 the	model	 Plantago	 species,	 including	 plant/leaf	 age	
and	 phenology	 (Barton,	 2008;	Hanley	 et	al.,	 2013;	 Pankoke	 et	al.,	
2013;	Sutter	&	Muller,	2011),	herbivore	and	pest	damage	(Bowers,	
Collinge,	 Gamble,	 &	 Schmitt,	 1992;	 Sutter	 &	Muller,	 2011),	 geno-
type	 (Adler,	 Schmitt,	 &	 Bowers,	 1995;	 Al-	Mamun,	 Abe,	 Kofujita,	
Tamura,	&	 Sano,	 2008;	Barton,	 2007;	Bowers	 et	al.,	 1992;	Marak,	
Biere,	&	van	Damme,	2002;	Zubair	et	al.,	2012),	habitat	type	(Adler	
et	al.,	 1995),	 plant	 competition	 (Barton	&	Bowers,	2006;	Pankoke,	
Hopfner,	Matuszak,	Beyschlag,	&	Muller,	2015;	Waschke,	Hancock,	
Hilker,	 Obermaier,	 &	 Meiners,	 2015),	 associations	 with	 microor-
ganisms	 including	 arbuscular	 mycorrhizal	 fungi	 (Bennett	 &	 Bever,	




Steier,	 Roscher,	 Reichelt,	 Gershenzon,	 &	 Unsicker,	 2015;	 Pankoke	
et	al.,	2015),	UV	levels	(McCloud	&	Berenbaum,	1999;	Murai	et	al.,	
2009),	 and	 variation	 in	 geography	 and	 climate	 (Mølgaard,	 1986;	
Murai	et	al.,	2009;	Pellissier,	Roger,	Bilat,	&	Rasmann,	2014;	Reudler	
&	Elzinga,	2015).
When	 investigating	 the	complex	and	often	 interrelated	effects	
that	environmental	factors	have	on	plant	metabolic	phenotypes,	 it	
is	 becoming	 increasingly	 popular	 to	 use	 untargeted	 metabolomic	
approaches,	 as	 fewer	 a priori	 assumptions	 are	 made,	 allowing	 for	
the	 detection	 of	metabolic	 responses	 that	were	 overlooked	 using	
targeted	 approaches	 (Pankoke	et	al.,	 2013;	 Schweiger	 et	al.,	 2014;	
Sedio,	Rojas	Echeverri,	Boya,	&	Wright,	2017;	Sutter	&	Muller,	2011).	
Despite	 the	 extensive	 chemical	 ecology	 literature	 that	 exists	 for	
Plantago,	still	little	is	understood	about	metabolome-	wide	responses	







side	 and	 plantamajoside,	 that	 have	 been	 most	 widely	 studied	 as	
chemical	response	variables,	particularly	due	to	their	antiherbivore	
and	medicinal	activity	(Bowers	et	al.,	1992;	Mølgaard,	1986;	Reudler	




tabolite	 investigations,	 even	 for	 the	well-	studied	Plantago	 species,	
have	been	conducted	on	plants	grown	under	controlled	conditions,	
and	therefore,	much	of	the	environmental	complexity	is	hidden	given	





interaction	of	 a	number	of	 factors,	 including	genetic	 and	environ-
mental	 factors,	 a	 plant’s	metabolome	can	be	 regarded	as	 the	ulti-
mate	 response	 of	 biological	 systems	 (Fiehn,	 2002;	 Lopez-	Alvarez	
et	al.,	 2017).	 Thus,	 screening	 the	metabolomes	 of	 locally	 adapted	
plants	 that	 have	 been	 exposed	 to	 natural	 environmental	 condi-
tions	throughout	their	lifetimes	is	an	essential	step	in	improving	our	
understanding	of	 the	 role	 that	a	plant’s	metabolome	plays	 in	 local	
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explore	 the	 influence	of	environmental	 factors	on	 the	variation	 in	
metabolic	phenotypes	using	complex	multivariate	data.
The	 aim	 of	 this	 study	 was	 to	 use	 an	 untargeted	metabolomic	
approach	to	investigate	intraspecific	variation	in	metabolic	features	







2009).	We	 therefore	 investigate	 the	extent	 to	which	environmen-
tal	 factors	 such	as	differences	 in	habitat	 type,	 light	 levels,	pheno-
logical	stage,	leaf	area,	and	soil	conditions	are	important	drivers	of	
metabolic	phenotypes	of	plants	sampled	in situ	from	15	populations	






features	 associated	 with	 environmental	 and	 geographic	 variation.	
We	 further	 apply	 a	 networking	 analysis	 on	 co-	occurring	metabo-
lites	to	identify	patterns	in	metabolic	phenotypes	across	Denmark.	



















subsp.	 major,	 and	 P. major	 subsp.	 intermedia	 (Gilib.)	 Lange	 (syn.	
P. major	 subsp.	 pleiosperma	 Pilg.);	 we	 restricted	 sampling	 to	 the	
TABLE  1 Populations	of	Plantago major	L.	sampled	across	Denmark.	Vouchers	are	deposited	in	Herbarium	C
Population name Location Latitude Longitude Geographic region Habitat type Light levels Voucher No.
Aalborg Nørresundby,	
Jutland
57.08 9.91 Eastern	Jutland meadow full	sun NI578
Falster Halskov,	Falster 54.80 12.09 Islands forest shade NI570
Grenaa Grenaa,	Jutland 56.41 10.92 Eastern	Jutland manicured	park full	sun NI580
Hannerupskov Fredericia,	
Jutland
55.59 9.72 Eastern	Jutland forest shade NI582
Langeland Rudkøbing,	
Langeland




56.55 8.42 Western	Jutland agricultural full	sun NI576
Nyråd Nyråd,	Zealand 55.01 11.96 Islands forest part	shade NI569
Øjesø Søttrup,	Jutland 56.29 10.61 Eastern	Jutland forest part	shade NI581
Randers Randers,	Jutland 56.47 10.02 Eastern	Jutland manicured	park full	sun NI579
Ringkøbing Ringkøbing,	
Jutland
56.10 8.23 Western	Jutland meadow full	sun NI574
Ringkøbing	Ejstrup Ringkøbing,	
Jutland
56.18 8.28 Western	Jutland agricultural full	sun NI575
Silkeborg Silkeborg,	
Jutland
56.23 9.67 Eastern	Jutland manicured	park full	sun NI577
Slæbæk Slæbæk,	Fyn 55.11 10.57 Islands forest shade NI572
Slagelse Slagelse,	Zealand 55.43 11.46 Islands agricultural full	sun NI573
Vissenbjerg Vissenbjerg,	Fyn 55.38 10.13 Islands meadow part	shade NI573
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Fifteen	naturally	 occurring	populations	of	Plantago major were 
selected	 across	 Denmark	 to	 capture	 a	 range	 of	 different	 habitat	
types	 (woodland,	 meadow,	 agricultural,	 and	 parkland),	 geographic	
regions	 and	 geological	 conditions	 known	 from	 the	 various	 islands	
and	mainland	in	Denmark	(Table	1).	Given	the	low	expected	genetic	




sampled	 from	each	plant;	one	 leaf	 that	 showed	no	visible	signs	of	
herbivore	damage	(“undamaged”),	and	one	leaf	that	did	(“damaged”).	
This	 resulted	 in	 a	 paired	 dataset	 consisting	 of	 an	 undamaged	 and	
damaged	 leaf	 from	 each	 plant	 individual.	 Young	 leaves	 (i.e.,	 those	
that	had	not	fully	unfurled)	as	well	as	older	leaves	(i.e.,	those	show-
ing	changes	in	coloration	or	senescence)	were	avoided	in	our	sam-
pling.	 In	 total,	 90	 leaves	 (45	 undamaged	 leaves	 and	 45	 damaged)	
were	collected	from	45	plants	in	the	15	different	natural	populations	
(Figure	1).	 In	 order	 to	 minimize	 effects	 caused	 by	 temporal	 vari-
ation,	 field	 sampling	was	conducted	over	a	 span	of	5	days,	 in	 July	
2015.	Photographs	were	taken	of	each	plant,	and	the	phenological	













and	 analyzed	 with	 ImageJ	 software	 (National	 Institute	 of	 Mental	
Health,	 Bethesda,	 Maryland,	 USA),	 following	 similar	 methods	 to	
Pellissier	et	al.	(2014).	Total	leaf	area,	(AL),	and	the	area	missing	due	
to	 herbivore	 damage	 (AD)	were	 calculated.	Damage	 (%)	 caused	by	
herbivory	for	each	leaf	was	calculated	as	AD/AL*100%.	Leaf	damage	
in	the	majority	of	the	P. major	populations	sampled	was	caused	by	







2.3 | Analyses of soil samples
To	explore	variation	in	edaphic	conditions	within	and	between	pop-
ulations,	 three	 soil	 samples	were	 taken	 at	 each	 sampling	 location,	
each	collected	adjacently	to	the	three	plants	sampled,	using	stain-









































2.4 | Spatial variables describing 
geographic variation
A	Euclidean	distance	matrix	was	created	between	sampling	locations	
using	 the	 vegdist	 function	 the	R	 package	 “vegan”	 (Oksanen	 et	al.,	













are	 an	 outwash	 plain	 dominated	 by	 sandy	 soils	 and	 weathered	








2013;	 Rønsted,	 Göbel,	 Franzyk,	 Jensen,	 &	 Olsen,	 2000;	 Rønsted	
et	al.,	2003).	Fresh	leaf	samples	(n	=	90)	were	stored	in	50		ml	tubes	
at	 −20°C	 until	 processed.	 Leaves	 were	 then	 freeze-	dried	 using	 a	
ScanVac	CoolSafe	(Labgene,	Denmark),	and	dried	leaf	tissue	for	each	
sample	 was	 transferred	 to	 2	 	ml	 Eppendorf	 tubes	 (Sigma-	Aldrich,	











using	 1	mL	 of	 99.9%	 HPLC-	grade	 methanol	 (Sigma-	Aldrich,	 USA),	
and	put	into	an	ultrasonic	water	bath	for	10	min.	Resuspended	so-
lutions	 (0.5	mL)	were	 filtered	 using	 0.21	μm	MC	Centrifugal	 Filter	
Units	 (Ultrafree®,	 Merck	 Millipore),	 and	 centrifuged	 for	 5	min	 at	











gradient	 system	mobile	phase	 consisted	of	buffer	A:	0.1%	 formic	








ager	 temperature	was	maintained	 at	 4.0°C.	 The	 capillary	 voltage	
was	3.2	kV,	the	cone	voltage	was	set	to	35	V	and	extraction	cone	





















2.7 | UPLC- QToF- MS data 
preprocessing and filtering
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time	period	0.35	to	6.70	min.	Eight	of	the	quality	control	(QC)	sam-
ples	injected	at	the	start	of	each	run	were	excluded	from	data	pre-
processing	 analyses,	 as	 they	 are	 part	 of	 the	 column	 conditioning	
















between	 and	 within	 batches.	 Filtering	 of	 the	 metabolic	 feature	




lines	 for	 biomarker	 discovery	 in	 untargeted	 liquid	 chromatogra-
phy–mass	 spectrometry	 analyses	 (Dunn	 et	al.,	 2011).	 Filtering	
reduced	 the	 numbers	 of	 features	 from	541	 to	 197.	Means	were	
calculated	 for	 the	 triplicate	 injections	 recorded	 for	 each	metab-
olite	feature.
2.8 | Targeted analyses of known metabolites
Screening	 for	metabolic	 features	 in	 a	 subset	 of	 the	 overall	me-
tabolome	offers	an	advantage	when	seeking	to	identify	changes	
in	metabolic	 phenotypes	 in	 response	 to	 environmental	 factors.	
However,	 to	 test	 the	 response	 of	 metabolites	 known	 for	 their	
antiherbivory	 effects	 in	 Plantago	 (Rønsted	 et	al.,	 2000,	 2003),	
10	standards	were	ran	using	the	same	UPLC	analyses	described	
above	 and	 a	 baseline	 for	 how	 variable	 these	 compounds	 are	 in	
natural	populations	across	Denmark	was	established.	A	method	
file	 was	 created	 for	 analysis	 in	 the	 TargetLynx	 application	 of	
MassLynx	(Waters	corp.,	Milford,	MA,	USA),	based	on	the	reten-
tion	 times	 and	m/z	 for	 each	 of	 the	metabolites.	 Unfiltered	me-
tabolite	 feature	data	was	processed	 in	TargetLynx	 to	screen	 for	
these	 known	 metabolites.	 The	 standard	 compounds	 included	




Rosendal	 Jensen,	 Danish	 Technical	 University).	 A	 standard	 for	
plantamajoside	 was	 unfortunately	 not	 available	 for	 this	 study,	
which	 is	 a	 metabolite	 that	 has	 previously	 been	 found	 to	 differ	
across	Danish	populations	of	P. major	(Mølgaard,	1986).
2.9 | Nonmetric multidimensional scaling
After	 quality	 filtering,	 a	 total	 of	 197	metabolic	 features	 were	 re-
tained	for	downstream	analyses.	Metabolic	feature	data	was	visual-
ized	by	 generating	Bray–Curtis	 similarity	measures	 and	nonmetric	
multidimensional	scaling	models	 (NMDS)	 in	 the	R	package	“vegan”	
to	visualize	patterns	between	populations,	habitat	types,	and	geo-
graphic	regions	(R	Core	Team,	2016;	Oksanen	et	al.,	2017).








linear	 relationships,	 and	 therefore,	 distance	was	not	 included	as	 a	
separate	factor	in	variation	partitioning	analyses.	Leaf	area	and	lo-
calized	damage	 [%]	 caused	by	herbivory	were	 assessed	 in	 a	 sepa-
rate	variation	partitioning	model,	using	a	reduced	matrix	based	on	




similarly,	 single	 values	 for	 features	were	 calculated	by	 subtracting	
the	damaged	leaf	area	(MD)	feature	value	from	the	undamaged	area	
(MU)	before	undergoing	variation	partitioning	analyses.
2.11 | Conditional log- normal model analysis
In	order	to	conduct	a	statistically	valid	analysis	with	power	sufficient	
enough	 to	 detect	 significant	 differences	 in	metabolic	 features	 as-
sociated	with	environmental	and	geographic	variation	and	address	








gest	 that	 this	 model	 is	 called	 the	 conditional log-normal model.	 A	
log-	normal	model	often	 fits	well	 for	 strictly	positive	observations,	
and	the	conditional	log-	normal	model	is	an	extension	that	allows	for	
zero	observations	that	also	occur	frequently	in	ecological	datasets.	
The	 details	 of	 the	 conditional	 log-	normal	model	 are	 presented	 as	
Supplementary	Information,	Appendix	S1).
The	 effects	 of	 geographic	 region	 (either	 as	 western	 Jutland,	
eastern	Jutland,	islands),	geographic	distance	(two	continuous	axes),	
habitat	 type	 (agricultural,	 forest,	 manicured	 park,	 meadow),	 light	
levels	 (full	 sun,	 part	 shade,	 shade),	 phenological	 stage	 (vegetative,	
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immature	flowers,	or	flowering),	damage	caused	by	herbivores	(un-
damaged,	 damaged),	 leaf	 area	 and	 soil	 pH	were	 analyzed	 in	 sepa-







with	 soil	 pH	 based	 on	 Spearman’s	 Rank	 coefficient	 (EC,	 ρ	=	0.49,	




metabolic	 features	 suitable	 for	 the	modeling	of	each	of	 the	 seven	
explanatory	variables.	Table	2	lists	the	number	of	features	included	
in	 the	analyses	 for	each	factor.	The	number	of	 features	 tested	for	
each	feature	was	recorded,	and	Type	I	errors	corrected	to	q-	values	
using	the	false	discovery	rate	 (FDR,	Benjamini	&	Hochberg,	1995).	
The	q-	values	below	20%,	10%,	 and	5%	were	 recorded,	 and	Tukey	
post	hoc	 tests	were	performed	on	all	metabolic	 features	 found	to	
have	a	q-	value	of	less	than	20%	(FDR	q-	value	<	0.20).
A	Venn	Diagram	with	 the	overlap	 in	 significant	metabolic	 fea-
tures	 identified	 (FDR	 q-	value	<	0.20)	 for	 five	 of	 the	 seven	 envi-
ronmental	 and	 geographic	 factors	 tested	 was	 constructed	 in	 the	
package	“VennDiagram”	in	R	(Chen,	2016).








using	 the	 “vegan”	package	of	R	 (R	Core	Team,	2016;	Oksanen	et	al.,	
2016),	with	a	Spearman’s	correlation	coefficient	(ρ)	<	0.372,	which	was	
equivalent	to	a	p-	value	<	0.01	(Junker	&	Schreiber,	2008)	was	consid-
ered	 valid	 co-	occurrence	 between	 features.	 A	 network	 of	 features	






2.13 | Testing for differences in known 
antiherbivory compounds







197	 metabolite	 features	 revealed	 a	 high	 degree	 of	 similarity	 be-
tween	foliar	metabolomes	of	P. major	collected	across	Denmark.	No	
strong	clustering	of	samples	was	observed	according	to	habitat	type,	










plained	significant	parts	of	the	variation,	soil	parameters	 (F = 2.03,	
p = 0.02),	 geography	 (F = 3.74,	 p < 0.001),	 and	 phenological	 stage	




No. of features used in 
the models
No. of significant features 
found (q < 0.20)
No. significant at 
p < 0.001
No. significant at 
p < 0.01
No. significant 
at p < 0.05
Geographic	region 193 30 4 12 21
Geographic	distance 193 9 1 8 7
Habitat	type 189 4 2 4 8
Soil	pH 195 8 5 3 6
Light	level 188 0 0 2 3
Phenological	stage 189 0 0 0 0
Leaf	area 193 3 3 3 11
Damage	by	herbivory 193 0 0 1 8
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the	variation	was	unexplained	(residuals).	A	second	variation	parti-
tioning	approach	was	performed	on	the	reduced	metabolic	features	
matrix	 (n	=	45)	with	 the	 differences	 in	 leaf	 area	 and	 difference	 in	
herbivory	damage	(%)	analyzed	between	undamaged	and	damaged	
leaves	from	each	plant.	While	leaf	area	explained	9%	of	the	variation	
of	the	metabolic	features	(F = 4.88,	p = 0.009),	damage	had	no	effect	
(F = 0.85,	p = 0.39),	thus	residuals	explained	91%.
Geographic	 region,	 geographic	 distance,	 habitat	 type,	 soil	 pa-
rameters,	 light	 level,	 phenological	 stage,	 leaf	 area,	 and	 damage	
caused	by	herbivores	were	used	as	explanatory	variables,	 in	seven	
independently	run	analyses	using	the	conditional	log-	normal	model,	
evaluating	 their	 relative	 contributions	 in	 explaining	 differences	 in	
metabolic	 features.	 The	number	of	metabolic	 features	 included	 in	
the	model	differed	slightly	 for	each	explanatory	variable	 (Table	2),	
based	 on	 the	 criteria	 and	 conditions	 explained	 in	 Supplementary	
Information,	Appendix	S1.	A	total	of	44	unique	metabolic	features	
(numbered	 as	 SF1-	44,	 Table	3)	 were	 found	 to	 differ	 significantly	
after	 FDR	 correction,	 with	 the	 majority	 (31	 significant	 features)	
being	 explained	 by	 geographic	 region	 and	 distance	 (Table	2).	
Geographic	region	(as	defined	by	three	groupings:	eastern	Jutland,	
western	 Jutland,	 and	 the	 southern	 islands,	 Figure	1)	was	 found	 to	
have	the	greatest	magnitude	of	effect	on	differences	in	the	metabo-
lome;	thirty	of	the	193	metabolic	features	tested	in	the	model	were	



















planatory	 variables	 examined,	 and	 not	 a	 single	 feature	was	 found	








3.1 | Network correlation analysis with features 

































soil	parameters	(F = 2.03,	p = 0.02),	geographic	region	(F = 3.74,	






























SF	13 0.5327_377.0835 0.07 0.18
SF	14 0.5336_391.1007 0.05 0.03







SF	22 1.9965_391.1224 0.05 0.15
SF	23 2.0039_183.066 0.19
SF	24 2.4247_477.159 0.05 0.009
SF	25 2.4385_375.1298 0.00002 0.15











SF	37 3.6066_475.1252 0.07 0.15












metabolic	 feature	 data,	 based	 on	 the	 retention	 times	 and	 mass	
spectra	of	 these	metabolites;	however,	 the	 intensities	of	 these	six	
metabolites	 did	 not	 differ	 significantly	 between	 undamaged	 and	






4.1 | Environmental and geographic factors 
regulating the metabolome
We	investigated	variation	in	the	foliar	metabolome	of	Plantago major 
growing	 under	 natural	 environmental	 conditions	 across	 Denmark	
and	 identified	metabolic	features,	beyond	the	traditionally	studied	
antiherbivore	 metabolites,	 that	 differed	 in	 response	 to	 environ-
mental	and	geographic	factors,	at	varying	spatial	scales.	Due	to	its	
high	 phenotypic	 plasticity	 and	 ability	 to	 adapt	 to	 a	wide	 range	 of	
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This	study	most	notably	demonstrated	the	 importance	of	geo-
graphic	 scaling	 in	 detecting	 differences	 in	 metabolic	 phenotypes,	
where	broad	geographic	regions	(eastern	Jutland,	western	Jutland,	
and	 the	 islands)	 were	 found	 to	 explain	 the	 highest	 percentage	 of	
variation	of	 the	metabolome	and	 the	 largest	 number	of	 individual	
features.	Geographic	 factors,	 including	distance,	 isolation,	 latitudi-
nal,	 and	 longitudinal	 gradients,	 have	previously	been	 shown	 to	be	
important	 in	 explaining	 intraspecific	 variation	 in	 targeted	 metab-












populations	 of	 Arabidosis thaliana	 (L.)	 Heynh.	 (Lasky	 et	al.,	 2012),	
and A. lyrata	subsp.	petraea	 (L.)	O’Kane	&	Al-	Shehbaz	(Davey	et	al.,	
2008).	These	associations	may	reflect	that	plant	genotypic	variation	
increases	with	 increasing	 geographic	 distance	 (Nybom,	 2004)	 and	











including	 herbivore	 communities	 and	 pathogens	 are	 also	 likely	 to	
differ	across	the	three	geographic	regions,	thus,	it	cannot	be	ruled	
out	that	these	and/or	other	unmeasured	factors	are	driving	the	sig-





across	 broad	 geographic	 regions	 (Laskey	 et	al.,	 2012;	 Reudler	 &	
Elzinga,	2015).	To	further	elucidate	the	effects	of	spatial	scale	from	
other	factors,	future	research	should	include	a	more	comprehensive	









&	Patrick,	 1977),	 and	 changes	 in	both	pH	and	nutrient	 availability	
have	been	shown	to	influence	the	concentrations	and	composition	
of	secondary	metabolites	produced	in	Plantago	species	(e.g.,	Darrow	
&	Bowers,	 1999;	 Jarzomski	 et	al.,	 2000;	Miehe-	Steier	 et	al.,	 2015;	
Pankoke	et	al.,	2015).	In	the	current	study,	pH	significantly	accounts	
for	changes	in	eight	unique	metabolic	features,	and	no	overlap	was	
found	 with	 the	 significant	 metabolic	 features	 explained	 by	 geo-
graphic	or	other	factors,	which	suggests	these	features	are	associ-
ated	with	local	adaptation	independent	of	geographic	and	genotypic	
variation	 (Latzel,	 Janecek,	 Dolezal,	 Klimesova,	 &	 Bossdorf,	 2014;	
Metlen,	Aschehoug,	&	Callaway,	2009).
Phenological	 stage,	which	 has	 been	well	 documented	 to	 influ-
ence	specialized	metabolites	in	model	Plantago	species	(i.e.,	Barton,	
2008;	 Hanley	 et	al.,	 2013;	 Pankoke	 et	al.,	 2013;	 Sutter	 &	 Muller,	
2011),	was	not	 found	to	be	an	 important	 factor	 in	explaining	met-





4.2 | Metabolic responses to herbivory
To	the	best	of	the	authors’	knowledge,	this	is	the	first	study	on	meta-
bolic	responses	to	localized	herbivory,	where	a	paired	study	design	
was	 adopted	 to	 investigate	 undamaged	 and	 damaged	 leaves	 from	
the	 same	 plant,	 growing	 under	 natural	 environmental	 conditions.	
Even	although	none	of	the	metabolic	features	detected	in	this	study	
were	found	to	differ	significantly	between	undamaged	and	damaged	
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sampling	 numbers	 (Supplementary	 Information).	 Rigorous	 filtering	
steps	were	used	 in	our	metabolic	 feature	data	which	substantially	




testing,	 improved	 our	 confidence	 levels	 in	 identifying	 significant	






A	surprisingly	 limited	number	of	metabolic	 features	were	 found	
to	be	regulated	by	environmental	factors	in	this	study.	The	great-
est	 differences	 in	 metabolic	 phenotypes	 were	 detected	 across	
broad	 geographic	 regions,	 and	 this	 finding	 is	 largely	 explained	
by	geographic	 separation,	which	 in	 turn	could	 reflect	genotypic	
differentiation	 or	 variation	 in	 other	 unmeasured	 climatic	 and	
biological	factors.	This	work	also	provides	evidence	that	a	small	






communities	 over	 broad	 geographic	 regions.	 In	 addition,	 future	
metabolomic	studies	conducted	in situ would	benefit	from	greater	
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